Random screening for inhibitors of chromosome partitioning in Escherichia coli was done by the anucleate cell blue assay. A novel S-benzylisothiourea derivative, S-(3,4-dichlorobenzyl)isothiourea, tentatively named A22, was found to induce spherical cells and spherical anucleate cells in E. coli. Mecillinam, a speciˆc inhibitor of penicillin-binding protein 2, which induces spherical cells in E. coli, also caused anucleate cell production. Spherical cells induced by treatment with either A22 or mecillinam varied in size, and anucleate cells seemed to be more frequent among the smaller cells. These results suggest that loss of the rod shape in E. coli leads to asymmetric cell division that results in production of anucleate cells. No competition was observed even in the presence of a 10-fold excess A22 in an in vitro assay of 14 C-penicillin G binding, but mecillinam speciˆcally inhibited binding of 14 C-penicillin G to penicillin-binding protein 2. Simultaneous treatment with mecillinam and cephalexin, a speciˆc inhibitor of penicillin-binding protein 3, induced lysis of E. coli cells, but a combination of A22 and cephalexin did not. These results suggest that the target molecule(s) of A22 was not penicillin-binding protein 2. A22 may act on a rod-shapedetermining protein(s) other than penicillin-binding protein 2, such as RodA or MreB.
Random screening for inhibitors of chromosome partitioning in Escherichia coli was done by the anucleate cell blue assay. A novel S-benzylisothiourea derivative, S-(3,4-dichlorobenzyl)isothiourea, tentatively named A22, was found to induce spherical cells and spherical anucleate cells in E. coli. Mecillinam, a speciˆc inhibitor of penicillin-binding protein 2, which induces spherical cells in E. coli, also caused anucleate cell production. Spherical cells induced by treatment with either A22 or mecillinam varied in size, and anucleate cells seemed to be more frequent among the smaller cells. These results suggest that loss of the rod shape in E. coli leads to asymmetric cell division that results in production of anucleate cells. No competition was observed even in the presence of a 10-fold excess A22 in an in vitro assay of 14 C-penicillin G binding, but mecillinam speciˆcally inhibited binding of 14 C-penicillin G to penicillin-binding protein 2. Simultaneous treatment with mecillinam and cephalexin, a speciˆc inhibitor of penicillin-binding protein 3, induced lysis of E. coli cells, but a combination of A22 and cephalexin did not. These results suggest that the target molecule(s) of A22 was not penicillin-binding protein 2. A22 may act on a rod-shapedetermining protein(s) other than penicillin-binding protein 2, such as RodA or MreB.
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One of the most fundamental questions in cell biology is how the characteristic shape of a cell is determined. In order to analyze the shape-determining mechanism, several mutants of Escherichia coli that could not form rod-shaped cells have been isolated. [1] [2] [3] These Rod " mutations could be classiˆed into two main groups on the basis of their positions on the genetic map. The mrd (murein synthesis gene cluster d) region, also called the rodA operon, is located at 14.5 min on the genetic map and contains the pbpA (mrdA) gene and the rodA (mrdB ) gene. 4, 5) The mre region (murein synthesis gene cluster e) is at 71 min on the genetic map and contains the mreB, mreC, and mreD genes. 6, 7) Mutants of these genes were isolated as resistant mutants against an amidinopenicillin, mecillinam, which is a speciˆc inhibitor of the penicillin-binding protein 2 (PBP2) encoded by the pbpA gene. 5, 8, 9) On the other hand, mutants of these genes were also isolated by the method developed for detecting production of anucleate cells (chromosome-less cells) by Hiraga et al. 10) Temperature-sensitive pbpA and rodA mutants were isolated by this method.
11) The reason why these shape-determining mutants were isolated by this method, however, remains to be discovered. These observations suggested that determination of the proper rod shape of the cell is somehow required for chromosome partitioning in E. coli.
We have constructed a screening system for speciˆc inhibitors of chromosome partitioning in E. coli 12) by applying Hiraga's method. 10) During a random screening of a chemical library, we found a novel compound, tentatively named A22, which induces spherical cells and spherical anucleate cells in E. coli. In this paper, we report the eŠects of A22 on E. coli cells in comparison with those of mecillinam.
Materials and Methods
Anucleate cell blue assay. E. coli K-12 strain SH3210 (DtrpE5 his l pXX747) 10) was used for the assay. Plasmid pXX747 carries the repA gene under control of the lPR promoter and the lacZ gene. In nucleated cells, expression of repA and lacZ genes was low due to repressors supplied from the chromosomal cI gene of l phage and lacI gene. If anucle- Paper disks containing 20 ml of sample solutions were placed on the assay plates and the plates were incubated at 429 C for 24 h as described in Materials and Methods. A) 10 mg W ml A22, B) 1 mg W ml mecillinam. Clear zones formed around paper disks were growth inhibitory zones and blue zones around the growth inhibitory zones indicated possible anucleate cell production.
ate cells were produced, the supply of repressors stopped. Therefore, expression of repA was induced, causing ampliˆcation of the plasmid, and expression of lacZ was also induced, which was further increased by plasmid ampliˆcation. Assays were done at 429 C to inactivate cI857 repressor encoded on the plasmid also. Cells were grown in P medium containing 1z Polypepton and 0.5z NaCl (pH 7). Paper disks (q 8 mm) containing 20 ml of sample solutions were placed on P medium agar plates (1.5z agar) containing 10 4 cells W ml of SH3210 and 40 mg W ml 5-bromo-4-chloro-3-indolyl-b-D-galactoside. The plates were incubated at 429 C for 24 h and development of the blue color and growth inhibition around the paper disks were estimated.
12)
Microscopic observation. For microscopic obser-
13) was used. Cells were grown in P medium containing 1 mg W ml thiamine. Cells were observed by Hiraga's ‰uorescence phase-contrast combined method. 10) Cells spread on a slide glass wereˆxed with methanol and covered with poly-L-lysine. Fixed cells were stained with 4?,6-diamidino-2-phenylindole (DAPI) solution (5 mg W ml in saline) and then observed through a microscope (BH2, Olympus, Tokyo, Japan), combining the phase-contrast system and the ‰uorescence system. 14 C-Penicillin-binding assay. An in vitro 14 Cpenicillin-binding assay was done as reported previously. 5, 14) Brie‰y, membrane fractions in 50 mM sodium phosphate buŠer (pH 7.0) of E. coli was incubated with 100 mM 14 C-penicillin G (1.85 GB W mmol, Amersham Biosciences, Piscataway, N.J.) for 10 min at 309 C. The reaction was stopped by adding 1z sarcosyl and 3 mg W ml cold penicillin G (ˆnal concentrations). After removing sarcosyl-insoluble materials by centrifugation (100,000×g, 20 min, 209 C), proteins were separated by SDS-PAGE (7.5z polyacrylamide gel). After electrophoresis, gels were dried and radioactivity was detected by an Image analyzer BAS-2000 (Fuji Film, Tokyo, Japan). For a competition assay, indicated concentrations of cold mecillinam or A22 were incubated with membrane fractions for 10 min at 309 C before adding 14 Cpenicillin G.
Chemical compounds. The chemical library used for screening was the laboratory collection. Hydrochloride salt of S-(3,4-dichlorobenzyl)isothiourea was used in this study. Mecillinam was a gift of Loe Pharmaceutical Products, Copenhagen, Denmark. Cephalexin was purchased from Sigma-Aldrich (St. Louis, Mo.).
Results
Screening by the anucleate cell blue assay A random screening for speciˆc inhibitors of chromosome partitioning in E. coli was done by the anucleate cell blue assay 12) as described in Materials and Methods. Several compounds were found in a chemical library to show activities inducing deep blue zones around growth inhibitory zones. One of them, tentatively named A22, was analyzed further in this study. A22 is a novel S-benzylisothiourea derivative, S-(3,4-dichlorobenzyl)isothiourea, and is chemically designated [(3,4-dichlorophenyl)methyl]thiocarboxamidine (Fig. 1 ). A22 induced a deep blue zone around a growth inhibitory zone ( Fig. 2A) . S-Benzylisothiourea itself had weak activity in this assay (not shown). Mecillinam was also tested in this assay (Fig. 2B) as mentioned below.
EŠects of A22 on several bacteria EŠects of A22 on several bacteria were examined. A22 showed antibacterial activity on E. coli at lower concentrations: the minimal inhibitory concentration (MIC) of A22 for E. coli was 3.1 mg W ml. A22 was relatively ineŠective against Gram-positive bacteria such as Staphylococcus aureus (MIC: 12.5 mg W ml) and Bacillus subtilis (MIC: À100 mg W ml). This pattern resembles that of mecillinam: 15) MICs of mecil- 14 C-Penicillin G binding assay was done as described in Materials and Methods. E. coli membrane fractions were treated with, lanes 1 and 6) buŠer only, lane 2) 1000 mM A22, lane 3) 100 mM A22, lane 4) 10 mM A22, lane 5) 1 mM A22, and lane 7) 100 mM mecillinam, for 10 min at 309 C before 14 C-penicillin G was added to 100 mM (ˆnal concentration). MPC: mecillinam.
linam were 0.31 mg W ml for E. coli, 25 mg W ml for S. aureus, and À100 mg W ml for B. subtilis.
A22 induced spherical cell shapes in E. coli
Exponentially growing E. coli culture was treated with A22 at 379 C. A22 suppressed cell growth dosedependently but did not induce lysis of the cells, even at 100 mg W ml, that is 30×MIC (data not shown). In order to conˆrm anucleate cell production by A22, cultures treated with 10 mg W ml of A22 (3×MIC) for 16 h were examined by the ‰uorescence phase-contrast combined method after DAPI staining to detect cell shape and nucleoids. Spherical cells were observed in the A22-treated culture (Figs. 3b-3d ). Spherical cells varied in size and anucleate cells were found at high frequency. Frequency of anucleate cells was 2.44z. Anucleate cells seemed to be smaller than nucleated cells and cells that were just producing a smaller cell with no nucleoid and a larger cell with nucleoid were occasionally observed (Fig. 3c) . These suggest that asymmetric cell division resulted in anucleate cell production. Irregular cell size became more conspicuous after prolonged cultivation with A22, probably due to the repeated asymmetric cell division (not shown).
Anucleate cell production by mecillinam
It is well known that an amidinopenicillin, mecillinam, also induces spherical cells in E. coli by inhibiting PBP2, a side-wall peptidoglycan synthetase. 5, 8, 9) The eŠects of mecillinam were examined in this assay system. Mecillinam also induced a deep blue zone around a growth inhibitory zone (Fig. 2B ). E. coli culture treated with 3×MIC of mecillinam (1 mg W ml) was examined by the ‰uorescence phasecontrast combined method. Mecillinam induced spherical cells as expected and, in the mecillinamtreated culture, anucleate cells were observed at the high frequency of 3.59z (Figs. 3e-3g ). In this case again, anucleate cells were more frequently found among smaller cells.
EŠects of A22 on PBPs in vitro
Mecillinam induces spherical cells in E. coli by inhibiting PBP2, involved in side-wall peptidoglycan synthesis. 5, 8, 9) To examine whether A22 also inhibits PBP2 or not, eŠect of A22 on E. coli PBPs in vitro were examined. As expected, mecillinam competed with 14 C-penicillin G binding to E. coli PBP2 at the same concentration of 14 C-penicillin G (Fig. 4) . On the other hand, no competition was observed in any PBPs even in the presence of a 10-fold excess concentration of A22. This means that A22 does not bind to the penicillin-binding site, that is, the substrate-binding site, of PBP2, at least in this in vitro assay.
EŠects of simultaneous treatment of A22 or mecillinam with cephalexin on E. coli culture It is reported that simultaneous inactivation of PBP2 and PBP3 resulted in cell lysis in E. coli.
16)
Treatment of exponentially growing E. coli culture with mecillinam, an inhibitor of PBP2, and cephalexin, an inhibitor of PBP3, caused a decrease of turbidity, indicating that cell lysis was induced (Fig. 5B) . On the other hand, the combination of A22 and cephalexin only slowed down cell growth but did not induce cell lysis (Fig. 5A ). Treatment with mecillinam or A22 alone did not induce cell lysis. These results again suggest that the target molecule of A22 was not PBP2.
Discussion
We discovered a novel S-benzylisothiourea compound, A22, through screening by the anucleate cell blue assay. A22 induced spherical cells in E. coli. Anucleate cells were frequently found in the A22-treated cultures. We also found that a well-known blactam antibiotic, mecillinam, which induces spherical cells in E. coli by inhibiting PBP2, caused anucleate cell production.
Spherical cells induced by treatment with either A22 or mecillinam varied in size, and anucleate cells seemed to be more frequent among smaller cells. These results suggest that loss of a rod shape in E. coli leads to asymmetric cell division that results in production of anucleate cells. This idea may explain the reason why mutants of pbpA and rodA were isolated by using this blue assay.
11) Zaritsky et al. also observed abnormal cell division in spherical cells induced by treatment with mecillinam. 17, 18) It was also reported that spherical cells had increased DNA contents compared with normal rod-shaped cells. 19) Asymmetric cell division also, at least in part, contributes to an increase of DNA contents, although the attainment of the initiation mass, that is, the maintenance of the DNA W mass ratio, is the major reason. Proper rod shape may be prerequisite for placement of the division plane and W or direction of chromosome segregation. A22, as well as mecillinam, therefore, will be a useful tool to investigate the mechanisms of these processes.
Because A22 does not have a b-lactam structure, the action mechanism of A22 may be diŠerent from that of mecillinam. The results of a competition assay in in vitro 14 C-penicillin binding and simultaneous treatment of A22 with cephalexin also supported this idea. A22 may aŠect a rod-shape-determining protein(s) other than PBP2, such as RodA or MreB. Recently, it is reported that the MreB protein has an actin-like structure and functions as a cytoskeletal protein in the rod-shape-determining mechanism. 20, 21) Regarding RodA protein, no enzymatic or structural activity has been reported yet. A preliminary analysis of eŠects of A22 on mecillinam-resistant mutant strains, such as pbpA, rodA 5) and mreB, 2) was done. All these mutants showed decreased sensitivity to A22 as well as mecillinam (data not shown). Further physiological, biochemical, and genetic analyses of action of A22 are required for identiˆcation of a target molecule(s) of A22. Mecillinam has been the only compound applicable to analysis of the rod-shapedetermining mechanism of bacteria. We expect that A22 will become a new tool for this purpose.
Biological activity of S-benzylisothiourea derivatives has not been reported in detail yet. Some acylisothiourea derivatives inhibit aldehyde dehydrogenase in vivo, and S-benzylisothiourea is toxic to rats. 22) However, there is no report on any antibacterial activity of S-benzylisothiourea and its related compounds.
